Locked nucleic acid containing antisense oligonucleotides (LNA-ASOs) have the potential to modulate the disease-related gene expression by the RNaseH-dependent degradation of mRNAs. Pulmonary drug delivery has been widely used for the treatment of lung disease. Thus, the inhalation of LNA-ASOs is expected to be an efficient therapy that can be applied to several types of lung disease. Because the lung has a distinct immune system against pathogens, the immune-stimulatory effect of LNA-ASOs should be considered for the development of novel inhaled LNA-ASOs therapies. However, there have been no reports on the relationship between knock-down (KD) and the immune-stimulatory effects of inhaled LNAASOs in the lung. In this report, LNA-ASOs targeting Scarb1 (Scarb1-ASOs) or negative control LNA-ASOs targeting ApoB (ApoB-ASOs) were intratracheally administered to mice to investigate the KD of the gene expression and the immune-stimulatory effects in the lung. We confirmed that the intratracheal administration of Scarb1-ASOs exerted a KD effect in the lung without a drug delivery system. On the other hand, both Scarb1-ASOs and ApoBASOs induced neutrophilic infiltration in the alveoli and increased the expression levels of G-CSF and CXCL1 in the lung. The dose required for KD was the same as the dose that induced the neutrophilic immune response. In addition, in our in vitro experiments, Scarb1-ASOs did not increase the G-CSF or CXCL1 expression in primary lung cells, even though Scarb1-ASOs exerted a strong KD effect. Hence, we hypothesize that inhaled LNA-ASOs have the potential to exert a KD effect in the lung, but that they may be associated with a risk of immune stimulation. Further studies about the mechanism underlying the immune-stimulatory effect of LNA-ASOs is necessary for the development of novel inhaled LNA-ASO therapies.
Introduction
Nucleic acid therapy has potential to be a next-generation therapy because it can modulate molecules that cannot generally be targeted using small molecules or antibodies. Antisense oligonucleotides (ASOs) are synthetic single-stranded strings of nucleic acids that bind to RNA through standard Watson-Crick base pairing [1] . In particular, locked nucleic acid containing antisense oligonucleotides (LNA-ASOs) possess an extremely high binding affinity to complementary RNA oligonucleotides, display improved mismatch discrimination and shows high stability in biological systems in comparison to conventional ASOs without any chemical modifications of their gap positions [2] [3] [4] . Several studies have indicated that LNA-ASOs exert not only a knock-down (KD) effect on cell lines without the use of transfection reagents such as lipofectamine [5] [6] [7] , but that they also exert a KD effect in vivo, without any drug delivery system [8] [9] [10] [11] [12] .
The systemic delivery of ASOs has been performed by intravenous or subcutaneous injection, and broad accumulation was observed in various tissues. This "undesired" accumulation would increase the risk of inducing side effects in organs that are not the target of treatment [13] . Pulmonary drug delivery has the potential to minimize systemic exposure and decrease the risk of adverse effects of LNA-ASOs. This direct and non-invasive delivery system has been widely used for the treatment of lung disease [14] [15] [16] [17] . In addition, saline-based solutions are a suitable carrier for ASOs. These compounds have been shown to be able to withstand the nebulization process [18, 19] . Thus, inhalation therapy with LNA-ASOs represent a potential next-generation therapy for numerous respiratory diseases.
The lung has a distinct immune system that protects against pathogens [20, 21] . Alveolar macrophages, which are the resident phagocytes in the lung, reside in the air space. They play a pivotal role in the host defense and in the lung immune response [22, 23] . Epithelial cells on the lung surface also strongly contribute to the pulmonary immune response [24, 25] . In terms of the structure of the lung and the distribution of these two types of cells, these are the first cells that inhaled LNA-ASOs contact. Thus, for the development of novel inhaled LNA-ASOs therapies, it is necessary to evaluate the immune-stimulatory effect of LNA-ASOs. However, there have been no reports that clearly show the relationship between KD and the immunestimulatory effect of inhaled LNA-ASOs.
Scavenger receptor BI (Scarb1) is a high-density lipoprotein receptor expressed in several tissues, including the lung. In our experiment, the non-normalized expression of Scarb1 in the murine lung was the same as that of house-keeping gene Hprt1. And the systemic administration of LNA-ASOs targeting this gene has been shown to exert a KD effect in mouse lung [26, 27] . We therefore selected Scarb1 as the target gene to evaluate the KD effect. For negative control LNA-ASOs, we prepared LNA-ASOs targeting apolipoprotein B (ApoB). ApoB is an essential protein for the assembly and secretion of very-low-density and low-density lipoprotein and is expressed predominantly in the liver and jejunum [28] . Regarding the immune response, Scarb1-null mice showed a higher sensitivity to LPS than wild type mouse, but the deletion of Scarb1 did not directly induce an abnormal immune response [29, 30] , and there have been no reports of the KD of ApoB directly inducing an immune response in lung. These findings suggest that the immune-stimulatory effect of LNA-ASOs targeting Scarb1 or ApoB can be evaluated without being affected by a KD. These LNA-ASOs exerted a KD effect without transfection reagents in vitro. Then, to investigate KD and the immune-stimulatory effect on lung, these LNA-ASOs were intratracheally administered to mice. In addition, we investigated whether the immune-stimulatory effect of LNA-ASOs in vivo can be estimated by an in vitro assay using primary mouse lung cells.
Materials and methods Mice
Eight-week-old female specific-pathogen-free C57BL/6 mice were purchased from the Charles River Laboratories Japan, Inc. (Ibaraki, Japan), and kept in the Laboratory of Kyowa Hakko Kirin for 1 week prior to the experiments. All animals were maintained at 20-26˚C and 30%-70% relative humidity with a 12 h light-dark cycle, and had free access to a standard rodent diet and water. The experiments were performed when the mice were 9-10 weeks of age, weighing 17-22 g. All efforts were made to minimize animal suffering and to use the minimum number of animals necessary to produce reliable scientific data. The experiments were performed when the mice were 9-10 weeks of age. All of the animal studies were performed in accordance with Standards for Proper Conduct of Animal Experiments at Kyowa Hakko Kirin Co., Ltd. under the approval of the company's Institutional Animal Care and Use Committee. Kyowa Hakko Kirin Co., Ltd. is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, International.
Oligonucleotides
Locked nucleic acid antisense oligonucleotides (LNA-ASOs) complementary to the mouse Scarb1 or ApoB mRNA were chemically synthesized by GeneDesign, Inc. (Osaka, Japan).
The sequences of the ASOs were as follows.
Scarb1: LT^LC^A^G^T^C^A^T^G^A^C^T^LT^LC

ApoB:
LG^LC^A^T^T^G^G^T^A^T^LT^LC^LA The preparation of primary mouse lung cell suspension and culture
Primary mouse lung cell suspension was prepared using a gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) with reference to the modified protocol of the Lung Dissociation Kit (Miltenyi Biotec). Briefly, 3 mice were euthanized with CO 2 in an appropriate chamber and lung was harvested. The lungs were digested by DMEM supplemented with penicillin-streptomycin (Thermo Fisher scientific) and 1.5 mg/mL of collagenase A (Roche Diagnostics, Basel, Switzerland), and then the 37C_m_LDK_1 and m_lung_02 programs of the gentleMACS Dissociator were run. After digestion, the erythrocytes in the lung cell suspension were lysed with BD Pharm Lyse Lysing Solution (BD biosciences, San Jose, CA, USA). 
Flow cytometry
Lung cells were suspended in a FACS buffer of PBS with 2 mmol/L EDTA (Thermo Fisher scientific) and 2v/v% FBS (Thermo Fisher scientific) and incubated with a cocktail of monoclonal antibodies, which included PE Rat Anti-Mouse CD11b, Anti-Mouse CD326 (EpCAM) APC (BD biosciences), Anti-Mouse CD45 FITC, Anti-Mouse F4/80 Antigen APC (ebioscience, San Diego, CA, USA), and PE/Cy7 Anti-mouse CD11c Antibody (Biolegend, San Diego, CA, USA). Flow cytometry was performed using a FACS Verse (BD Biosciences) and the FlowJo software program (Treestar). Alveolar macrophages were characterized as CD45+ CD11b-CD11c+ F4/80+, and lung epithelial cells were characterized as CD45-CD326+.
The intratracheal LNA-ASOs administration
Sixteen mice were randomly assigned to the 4 groups (N = 4). Scarb1-ASOs was dissolved in sterile saline solution and applied by a MicroSprayer MS-IA-1C (Penn-Century, Wyndmoor, PA, USA) as a single dose of 10, 40 or 100 μg in 50 μL per mouse under light anesthesia with 2.5% isoflurane. The control mice received 50 μL of saline. The volume of intratracheal administration was referred to previous report [31] . Scarb1-ASOs was administered once daily on two consecutive days. One day after the last administration, the right lung or bronchoalveolar lavage fluid (BALF) was harvested for the mRNA or protein expression analyses. The experiment with a focus on ApoB-ASOs was performed with same protocol as Scarb1-ASOs.
The analysis of BALF
One day after the last administration of ASOs, mice were sacrificed by exsanguination under anesthesia with 2.5% isoflurane, then BALF samples were collected by making an incision in the trachea and washing the lungs twice with 0.75 mL PBS (Thermo Fisher Scientific). BALF samples from each mouse were centrifuged at 950 g for 5 min at 4˚C. The total cell counts in the cell pellet were determined using a Sysmex KX-21NV (Sysmex, Kobe, Japan), and the cell population was analyzed using Diff-Quick-stained cytospin preparations, as previously described [32, 33] . The supernatant was used for neutrophil-related cytokine/chemokine measurement using the Bio-Plex 200 system (BioRad, Hercules, CA, USA), with the detection limit set at 0.
The quantitative RT-PCR
After the culturing of mouse hepatocytes, total RNA was extracted and converted to cDNA using SuperPrep Cell Lysis & RT Kit for a qPCR (TOYOBO, Osaka, Japan), according to the manufacturer's protocol. After culturing the primary mouse lung cells, total RNA was extracted using a Maxwell RSC simplyRNA Cells Kit (Madison, WI, USA) and MaxWell RSC (Promega). The total RNA was converted to cDNA using a SuperScript VILO cDNA Synthesis Kit (Invitrogen), according to the manufacturer's protocol. The lungs from LNA-ASOs-treated mice were homogenized using a homogenization buffer, Buffer RLT (QIAGEN, Hilden, Germany) with 1 mol/l-Dithiothreitol Solution (Nakarai, Kyoto, Japan), and tissue lyser II (QIAGEN). Total RNA was extracted from the lysate using a Maxwell RSC simplyRNA Tissue Kit (Promega) and MaxWell RSC, and cDNA was synthesized using SuperScript VILO, according to the manufacturer's protocol. Each mRNA level was evaluated by a quantitative RT-PCR using TaqMan Gene Expression Master Mix or TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific), The TaqMan Probes listed below and QuantStudio 12K flex (Thermo Fisher Scientific) were used. The probes were as follows: mouse Scarb1, Mm00450234_m1; mouse ApoB, Mm01545156_m1; mouse Actb, Mm00607939_s1; mouse Hprt1, Mm01545399_ml; mouse G-CSF, Mm00438334_m1; and mouse Cxcl1, Mm04207460_m1. The relative mRNA expression was quantified using the comparative CT Method.
Statistical analysis
The statistical significance of the KD or immune-stimulatory effect in vitro was calculated by the Williams test or Aspin-Welch test. The statistical significance of the KD effect in vivo was calculated by the Williams test, the in vivo immune responses were analyzed by the Wilcoxon rank sum test using the SAS software program. P values of < 0.05 were considered to indicate statistical significance.
Results
The KD effect of LNA-ASOs in vitro
To determine the KD effect of LNA-ASOs in vitro, primary mouse hepatocytes were treated with 30 to 1000 nmol/L of Scarb1-ASOs or ApoB-ASOs. In comparison to the medium-treated cells, Scarb1-ASOs suppressed Scarb1 mRNA with a maximum value of 80% at 1000 nmol/L, but did not affect ApoB mRNA (Fig 1A) . In addition, ApoB-ASOs induced a KD effect with maximum value of 90% at 1000 nmol/L, without the suppression of the Scarb1 mRNA expression ( Fig 1B) . These results indicated that both LNA-ASOs showed the sequence-specific KD of mRNA in vitro.
The KD effect of the intratracheal administration of Scarb1-ASOs in the mouse lung in vivo Subsequently, the KD effect of Scarb1-ASOs was evaluated in the mouse lung in vivo. ApoB-ASOs were used as a negative control. Ten, 40 or 100 μg of LNA-ASOs per mouse were intratracheally administered to mice using a MicroSprayer, once a day for 2 days. One day after the last administration, total mRNA was extracted from the right whole lung, and the Scarb1 mRNA expression level was quantified. In the group treated with 40 μg/mouse or 100 μg/ mouse, 50 or 65% suppression was observed, respectively (Fig 2A) . This suppression was significant and dose-dependent. On the other hand, the intratracheal administration of ApoB-ASOs did not suppress the Scarb1 mRNA expression in the lung (Fig 2B) . These results indicated that Scarb1-ASOs also showed the sequence-specific KD of mRNA in vivo.
The effect of LNA-ASOs on the immune response in the mouse lung
The immune-stimulatory effect of the intratracheal administration of Scarb1-ASOs on the mouse lung was evaluated. After the intratracheal administration of Scarb1-ASOs, the total number of cells and neutrophils in the BALF were counted. Scarb1-ASOs increased both the total number of cells (Fig 3A) and the neutrophils in the BALF, in a dose-dependent manner (Fig 3B) . A significant increase in the total number of cells was observed in the group that received Scarb1-ASOs at a dose of 100 μg/mouse. Significant increases were also observed in the number of neutrophils in the groups that received doses of 40 μg/mouse and 100 μg/ mouse. Based on the observation of neutrophil infiltration in the alveoli, it was hypothesized that neutrophil-related cytokines and chemokines, such as G-CSF [34, 35] and Cxcl1 [36, 37] , were induced in the lung. The G-CSF and Cxcl1 mRNA expression was analyzed after the intratracheal administration of Scarb1-ASOs. In comparison to the saline-treated group, the expression levels of both G-CSF and Cxcl1 mRNAs were significantly increased in the groups of mice that received Scarb1-ASOs at doses of 40 μg/mouse or 100 μg/mouse (Fig 4A and 4B) .
Furthermore, the protein levels of both cytokine and chemokine in the BALF were increased in a dose-dependent manner (Fig 4C and 4D) . A significant increase in the G-CSF protein level was observed in the mice that received Scarb1-ASOs at a dose of 100 μg/mouse, while a significant increase in the CXCL1 protein level was observed in the groups that received 40 μg/ mouse and 100 μμg/mouse (in comparison to the group that received saline). Moreover, the intratracheal administration of ApoB-ASOs at doses of 40 μg/mouse or 100 μg/mouse significantly induced the expression of these mRNAs and proteins in the lung in comparison to the group that received saline (S1 and S2 Figs). Regarding other inflammatory cytokines, a significant increase in the IL-6 protein/mRNA was observed in the groups that received 100 μg/ mouse of Scarb1 or ApoB-ASOs (data not shown). 
The effect of LNA-ASOs on primary lung cells in vitro
It was hypothesized that LNA-ASOs stimulated cells would have the potential to produce G-CSF and Cxcl1 in the lung. To investigate this hypothesis, a primary lung cell suspension was prepared from normal mouse lung and was treated with 8 to 2000 μg/mL of Scarb1-ASOs in vitro. Flow cytometry confirmed that this lung cell suspension contained alveolar macrophages and lung epithelial cells (Fig 5) . In terms of the KD effect of Scarb1-ASOs on lung cells in vitro, 8 to 2000 μg/mL of Scarb1-ASOs strongly suppressed the expression of Scarb1 mRNA by 85 to 95% in comparison to the medium-treated cells (Fig 6) . In this experiment, 1 μg/mL of R848, TLR7/8 agonist [38] , was used as a positive control for the evaluation of immune stimulation. In the R848-treated cells, the expression levels of both G-CSF and Cxcl1 mRNA were increased to levels that were 10 to 20 times higher than those of medium-treated cells (Fig 7A and 7B) . On the other hand, any dose of Scarb1-ASOs did not increase the expression of G-CSF or Cxcl1 mRNA (Fig 7A and 7B) . We also measured the G-CSF and CXCL1 protein expression in supernatant. R848 increased the production of both G-CSF and CXCL1 proteins, whereas Scarb1-ASOs did not increase the production at all (Fig 7C and 7D) . These results were clearly correlated with the results of the mRNA analysis. Next, we carried out the same in vitro experiment using ApoB-ASOs. ApoB-ASOs did not increase the expression of G-CSF or CXCL1 (S3A-S3D Fig) . Knock down and immune-stimulatory effect of LNA-ASOs in the lung
Discussion
In this report, we investigated KD and the immune-stimulatory effect of the intratracheal administration of LNA-ASOs on the mouse lung in vivo. As experimental tools, two types of LNA-ASOs targeting Scarb1 or ApoB mRNA were prepared. In vitro, these LNA-ASOs exerted a robust KD effect on primary mouse hepatocytes without the use of a transfection reagent (Fig 1A and 1B) . In this assay, ApoB-ASOs did not affect the expression of Scarb1 mRNA. To investigate the KD effect in the lung in vivo, these LNA-ASOs were intratracheally administered to mice. We confirmed that intratracheal administration of Scarb1-ASOs significantly suppressed the expression of Scarb1 mRNA in the lung in a dose-dependent manner (Fig 2A) . Knock down and immune-stimulatory effect of LNA-ASOs in the lung On the other hand, ApoB-ASOs did not reduce the expression of Scarb1 mRNA (Fig 2B) . These results indicated that the intratracheal administration of Scarb1-ASOs exerted a sequence-dependent KD effect in the lung in vivo, without DDS.
Because the lung is always faced with airborne pathogens, it has a distinct immune system against pathogens [20, 21] . Actually, the intratracheal administration of toll like receptor agonists (such as CpG dinucleotides) induces innate immune responses in the lung via pattern recognition receptors [39] . Thus, inhaled LNA-ASOs may be associated with a risk of inducing such responses in the lung. In this report, we confirmed that the intratracheal administration of Scarb1-ASOs increased the expression levels of G-CSF and CXCL1 in the lung and induced neutrophilic infiltration in the alveoli (Figs 3 and 4) . The dose that induced a neutrophilic immune response was the same as the dose that was required for KD in vivo. The intratracheal administration of ApoB-ASOs also induced similar immune responses in the lung without the suppression of the Scarb1 mRNA expression (S1 and S2 Figs). These results suggested that the neutrophilic immune response was not caused by Scarb1 mRNA KD and that inhaled LNA-ASOs, even without the CpG motif, are probably associated with the risk of inducing a neutrophilic immune response. These results also suggested that we should consider the immunestimulatory effect of LNA-ASOs when evaluating the drug effect of intratracheally administered LNA-ASOs targeting disease-associated genes in an animal model reflecting human disease, otherwise the results may be misunderstood.
We subsequently investigated whether the immune-stimulatory effect of LNA-ASOs in vivo could be estimated by an in vitro assay. For this investigation, primary lung cells were prepared and treated with Scarb1-ASOs in vitro. This lung cell suspension contained alveolar macrophages and lung epithelial cells (Fig 5) . These cells have potential to induce inflammatory responses [21] [22] [23] [24] , and-in comparison to other lung cells-would be exposed to higher concentrations of LNA-ASOs after intratracheal administration. Actually, the treatment of R848 increased the G-CSF and CXCL1 expression in prepared lung cells in vitro (Fig 7A-7D) . These results suggested that prepared primary lung cells contained appropriate cells for investigating the immune-stimulatory effect observed in our in vivo experiment. Because the intratracheal administration of 100 μg of LNA-ASOs in 50 μL saline solution (2000 μg/mL) induced a neutrophilic immune response in the lung, it was hypothesized that 2000 μg/mL of Scarb1-ASOs would also increase the G-CSF and CXCL1 expression in primary lung cells in vitro. Thus, these cells were treated with 8 to 2000 μg/mL of Scarb1-ASOs for 24 h to evaluate the immunestimulatory effect. Unexpectedly, none of the doses of Scarb1-ASOs increased the mRNA or protein levels of G-CSF and CXCL1 (Fig 7A-7D) , however, Scarb1-ASOs exerted a robust KD effect on primary lung cells in vitro (Fig 6) . ApoB-ASOs did not increase the mRNA or protein levels of G-CSF and CXCL1 either (S3A-S3D Fig) . In this in vitro experiment, ApoB-ASOs did not decrease the Scarb1 mRNA expression (S3E Fig). This result indicates that LNA-ASOs did not globally repress the gene expression. Although macrophages and lung epithelial cells existed in our in vitro assay system, and R848 significantly increased CXCL1 and G-CSF, LNA-ASOs did not induce an inflammatory response as observed in our in vivo experiment. This is because our in vitro assay system failed to mimic the in vivo environment perfectly. Further experiments are thus required to determine why LNA-ASOs did not induce an immunestimulatory effect in vitro. To develop safe inhalation therapies using LNA-ASOs, we should prepare LNA-ASOs that will not induce abnormal immune responses. Our results suggest that in vitro assay systems using alveolar macrophages and lung epithelial cells cannot adequately evaluate the immune-stimulatory effect of LNA-ASOs. Therefore, appropriate in vitro assay systems are required to obtain safe LNA-ASOs, or else in vivo screening should be conducted.
Pre-clinical experiments with a focus on inhalation therapy with ASOs have been reported [40] [41] [42] [43] [44] [45] [46] . Some of these reports have shown that high doses of ASOs induced macrophage-associated inflammatory responses in the lung [47, 48] . However, no report has investigated both the in vitro and in vivo immune-stimulatory effect of ASOs, and the details of the mechanisms have yet to be clarified. Recently, two reports investigating the mechanism underlying the hepatotoxic side effects of LNA-ASOs were published [49, 50] . These reports indicated that hepatotoxicity of LNA-ASOs is caused by RNAseH1 activity, presumably because of off-target cleavage of RNAs inside nuclei. This mechanism may be associated with the inflammatory response in the lung induced by LNA-ASOs. However, in fact, LNA-ASOs did not induce inflammatory response in our in vitro experiment. Therefore, to investigate this hypothesis, in vivo experiments should be conducted rather than simple in vitro assays using primary lung cells.
In conclusion, we confirmed that the intratracheal administration of Scarb1-ASOs exerted both the KD of gene expression and a neutrophilic immune response in the murine lung in vivo. The dose required for KD in the lung was the same as the dose that induced a neutrophilic immune response. In addition, we could not estimate the in vivo immune-stimulatory effect of the LNA-ASOs by an in vitro assay using primary murine lung cells. In the present study, LNA-ASOs showed the potential to be used as an inhaled drug. However, our results strongly suggest that further study on the immune-stimulatory effects of LNA-ASOs in the lung will be necessary for the development of safe and effective inhaled LNA-ASO therapies. 
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